Abstract Despite the successes of combination antiretroviral therapy, HIV-associated neurocognitive disorders persist in many infected individuals. Earlier studies showed that neurocognitive impairment was associated with glutamate toxicity and synaptodendritic damage. We examined alterations in expression of four ephrin genes that are involved in synapse formation and recruitment of glutamate receptors to synapses, in the caudate and anterior cingulate in postmortem brain of cognitively characterized HIV-infected subjects, along with expression of neuronal and astroglial/ macroglial markers. Postmortem tissues of HIV-infected and control subjects were obtained from the Manhattan HIV Brain Bank. HIV-infected subjects underwent neurocognitive assessment prior to death. Quantification of mRNA of genes of chemokine receptors and chemokines (CCR5, CXCR4, CCL2), astroglial/microglial markers (GFAP, CD163, CD68), the neuronal marker SNAP25, ephrin receptors EPHA4 and EPHB2, and ephrin ligands EFNB1 and EFNB2 was performed using SYBR Green RT-PCR. Proinflammatory chemokine and glial/macrophage mRNA levels in both regions were significantly greater in HIV+ than in HIV-subjects. Levels of EPHA4 and EFNB2 mRNA in the caudate, and EPHB2 mRNA in anterior cingulate were significantly lower in HIV+ subjects (p<0.002, p<0.02, p<0.05, respectively). These transcripts also showed correlations with immune status and cognitive function within the HIV-infected group. Decreased levels of EFNB2 mRNA in the caudate correlated with lower CD4 counts (P<0.05). Cognitive associations were limited to the cingulate, where decreased levels of EPHB2 mRNA were Electronic supplementary material The online version of this article
Introduction
Despite the widespread availability and use of combination antiretroviral therapy (cART), HIV-associated neurocognitive disorders (HAND) persist in up to 45 % of HIV-infected individuals (González-Scarano and Martín-García 2005; Ellis et al. 2007; Heaton et al. 2011) . The cause of HAND remains poorly understood, but may result from a combination of factors, including poor CNS penetration of antiretroviral drugs, chronic inflammation with persistent microglia and macrophage activation, neurotoxicity/excitotoxicity, and loss of trophic factors. Morphologically, synaptodendritic degenerative changes in HIV have been correlated with the presence and severity of cognitive impairment. Specifically, it has been shown that the degree of neurocognitive impairment is associated with dendritic simplification and reduced synaptic density in the midfrontal cortex and putamen in AIDS patients at autopsy (Masliah et al. 1992 (Masliah et al. , 1997 Everall et al. 1999; Moore et al. 2006) . Synaptodendritic alterations in HIV may occur without major neuronal loss, and two underlying mechanisms -loss of trophic factors and elaboration of toxic factors -have been implicated (Ellis et al. 2007 ). For example, HIV-related decreases in brain-derived neurotrophic factor (BDNF) and basic fibroblast growth factors (FGF) have been described (reviewed in Mocchetti et al. 2008) . With regard to toxicity, converging lines of evidence have implicated overstimulation of glutamate receptors in the generation of HAND (Erdmann et al. 2006; Kaul and Lipton 2006) . No theories have unified these alternate mechanisms -loss of trophism and gain of toxicity -into one mechanistic paradigm. Among brain neurotrophic factors, the ephrin receptor (EPH) tyrosine kinases and their ligands, ephrins (EFN) have been shown to be involved in synapse formation and neuronal plasticity (Klein 2001; Pasquale 2005 Pasquale , 2008 . EPH receptors and ephrins have been implicated in modifying the properties of synapses, particularly density and morphology of dendritic spines at sites of neuron-neuron and neuronastrocyte contacts. Ephrin receptors seem to play a role in immune processes, including differentiation of activated Tcells and proliferation of CD4+ T-lymphocytes in mice (Yu et al. 2003; Wu and Luo 2005) . EPH receptors are divided into two classes, EPHA receptors (A1-A8, A10) and EPHB receptors (B1-B4, B6), based on their binding affinities for ephrin-A (A1-A5) or ephrin-B (B1-B3) ligands (Pasquale 2005; Murai and Pasquale 2011) . Several EPH receptors are up-regulated by inflammatory cytokines, and may play multiple roles in inflammation (Ivanov and Romanovsky 2006) . Importantly, some of the ephrins have been implicated in recruitment of glutamate receptors to synapses, and to clustering and stabilization of excitatory synapses (Hruska and Dalva 2012) . Alterations in expression levels of ephrin ligands and receptors have been demonstrated in hippocampus in Alzheimer's disease (AD) and animal models of AD. Simon et al. reported reduction of EPHA4 and EPHB2 proteins in hippocampus of postmortem brain of subjects with AD (Simón et al. 2009 ). The ephrin system has not been well studied in human HIV-infected brain or HIV animal models. Recently, an expression microarray study detected down-regulation of ephrin receptors EPHA4 and EPHA7 in deep white matter of the anterior frontal lobe of HIV-infected patients (Borjabad et al. 2011) .
Studies of different EPH receptors or ephrin knockout mice showed that pre-and post-synaptic EPH receptors and ephrins may mediate clustering of other synaptic molecules, such as the NMDA receptor, which is implicated in longterm potentiation (LTP), required for memory and learning, as well as HIV-related neurotoxicity (Grunwald et al. 2004; Kaul and Lipton 2006) . Recent studies have revealed that EPH receptor tyrosine kinases and ephrins play an important role in contact-dependent neuron-glia communication at synapses (Murai and Pasquale 2011) . In contrast to other receptor tyrosine kinases, EPH receptors are functional when binding membrane-bound, but not soluble, ephrin ligands. Therefore an exceptional property of the EPH proteins is that they signal bidirectionally; receptor/ligand binding leads to signaling events in both presynaptic and postsynaptic neurons.
Involvement of ephrin receptors and their ligands in HIVassociated neurocognitive disorders remains largely unknown. In the present study, we analyzed expression of four genes of the ephrin family, Eph A4 and Eph B2 receptors, and ephrin-B1 and ephrin-B2 ligands in the caudate and anterior cingulate of postmortem brain of cognitively characterized HIV-infected subjects, and of uninfected controls.
Subjects, materials and methods

Participants
Study subjects from whom postmortem brain samples were obtained are listed in Table 1 . Brain tissues were obtained from the Manhattan HIV Brain Bank, member of the National NeuroAIDS Tissue Consortium (MHBB, The Mount Sinai Medical Center, New York, NY, U01MH083501). The MHBB operates under local IRB-approved ethical guidelines, and written informed consent was obtained from all subjects, or their primary next-of-kin gave consent, for collection and use of tissues for medical research and furthering medical knowledge. Specimens from subjects with protracted agonal state, as manifested by extensive anoxic-ischemic damage on histological evaluation, were excluded from this study. The Abbreviations: PID -subject I.D. at MHBB; Race: AA-African American; C-Caucasians; H-Hispanics; A-Asians; PMI-post-mortem interval; RIN -RNA Integrity Number; T scores calculated using normative data as described in the literature (Woods et al. 2004) ; subjects with T score less than 40 are considered impaired caudate and anterior cingulate cortex samples were derived from 39 unrelated individuals of different ethnicities (10 Caucasians, 12 African Americans, 16 Hispanics, and one Asian). Twenty-four subjects were HIV seropositive and 15 were HIV seronegative. Mean ages (years ± SD) were 52±10 in HIV seronegative and 45±10 in HIV seropositive subjects, and corresponding postmortem intervals (hours, PMI) were 18.4±6.2 and 9.3±5.0, respectively. PDYN expression in the caudate and anterior cingulate in these brain samples has been reported earlier (Yuferov et al. 2009 (Yuferov et al. , 2011 . Patients with HIV were evaluated by a neuropsychological battery as previously described (Woods et al. 2004 ). The neuropsychological battery assessed the following domains known to be sensitive to HIV-related neurocognitive impairment: verbal fluency, working memory, executive functioning, learning, memory, information processing speed, and motor ability. Raw scores were converted into T-scores which adjusted for the following demographic factors, as available: age, gender, education, and ethnicity using normative data for each test. Individual test scores were summed and averaged to create domain T-scores. Domain T-scores were used in analyses, rather than individual tests, to provide a more balanced estimate of neurocognitive ability and to reduce the number of analyses. Consistent with previous studies, a Tscore greater than one standard deviation below normative estimates was considered impaired. HIV-negative subjects were chosen on the basis of premortem normal neurological function and normal postmortem brain histology.
RNA preparation and cDNA synthesis
Brain tissues (50-60 mg) from the caudate and cingulate of each brain specimen were homogenized in RLT buffer (RNeasy Mini Kit, Qiagen, Valencia, CA) for isolation of total RNA according to the manufacturer's protocol. RNA samples were treated with RNase-Free DNase (TURBO DNA-free, Ambion, Austin, Texas, USA). RNA preparations were analyzed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Mean RNA Integrity Number (RIN) values (± SD) were 7.4 ± 0.96 (range from 5.3 to 9.2) in HIV seronegative and 7.3±1.5 (range from 5.0 to 9.5) in HIV seropositive subjects. Single strand cDNA was synthesized using approximately 1 μg of RNA and the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems (ABI), Carlsbad, CA) in the presence of random primers and gene-specific antisense primer.
Quantitative real-time PCR
For quantification of the mRNA levels of 11 genes, CCL2/ MCP-1, CCR5, CXCR4, the neuronal marker SNAP25, astroglial and microglial/macrophage markers GFAP, CD68 and CD163, ephrin receptors EPHA4 and EPHB2, and ephrins EFNB1 and EFNB2 in the caudate and anterior cingulate cortex, we used a quantitative real-time polymerase chain reaction (qRT-PCR). cDNA (2 μl) was amplified in a 20 μl solution that contained the Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent) and 10 nM of primers with a PCR condition of 40 cycles of denaturation at 94°C for 5 s, and annealing/extension at 60 ○ C for 15 s. Forward and reverse primers for amplification of cDNA of genes studied were either custom designed or commercial (SABiosciences, Valencia, CA) (Supplemental Table S1 ). Levels of the human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA/mRNA were used for normalization of levels of mRNA of the target genes. Experimental samples were amplified simultaneously with samples that contained serial dilutions of a target gene and GAPDH cDNAs from 10 1 to 10 6 copies/2 μl in sterile water, used to prepare standard curves. Copy number determination based on gene-specific cDNA PCR fragments concentration at OD260 was made using the following formula (Rose'Meyer et al. 2003 ):
where [C]05×10−5 g/ml for DNA; Molecular Weight of the PCR product is number of base pairs of cDNA fragment× 6.58×10
2
. Final values for gene-specific expression are given as copies/2 μl of cDNA. qRT-PCR analysis was performed using SDS 2.2 software (ABI) on an ABI Prism® 7900 sequence detection system. The specificity of amplification was confirmed by agarose gel electrophoresis of PCR products, a melting curve profile, and, in some cases, by Sanger sequencing. Copy number of cDNA of chemokine receptors, neuronal and glial/macrophage markers and GAPDH was quantified by comparing threshold cycles (Ct) of an experimental sample to those in standard curves for specific genes and GAPDH cDNA as described (Rose'Meyer et al. 2003) . cDNA copy number is expressed normalized to copies of GAPDH cDNA copy number.
Statistical analysis
Normalized values of copy numbers of mRNA of each gene studied were quantified as natural log of copy number of gene of interest/copy number of GAPDH cDNA in the caudate and in the anterior cingulate. For expression of each gene in each region, a t-test was used to determine the statistical significance of differences between HIV-and HIV+ subjects, and cognitively impaired and non-impaired HIV+ subjects. T-tests were also used to determine statistical significance in differences of ephrin gene expression between cognitively impaired (global T scores <40) and non-impaired HIV positive individuals. A comparison of expression of ephrin genes with inflammatory genes was made by a three-way analysis of variance (ANOVA), HIV Status X Gene Type X Brain Region. Relationship of expression of selected genes with neuronal and glial/macrophage mRNA levels was examined using Pearson correlation analysis. Correlation analysis was also used to examine whether there was a relationship between expression levels of ephrin genes and cognitive status (domain T scores), as well as expression of ephrin genes with immunological status (CD4+ counts and viral load). Since preliminary analyses showed no significant differences between genders or between HIV positive subjects on ART and those not on ART, these factors were not included in subsequent analyses.
Results
Methodological validation of the quantitative real-time PCR assay
In our previous study, using brain tissues from the very well characterized and well preserved brain specimens from the same subjects, we found no effect of the brain tissue pH or RNA quality (RIN) on expression of the PDYN gene in the caudate using the solution hybridization RNase protection assay (Yuferov et al. 2009 ). Quality of the quantitative real-time PCR assay depends in large part on efficiency of amplification of cDNA and the choice of a house-keeping gene used for data normalization (Bustin and Mueller 2005) . In this study, we provide detailed information on the quantitative RT-PCR experiments according to the Guidelines for Minimum Information for Publication of Quantitative Real-Time PCR Experiments (MIQE, Bustin et al. 2009 ). Efficiency of the primers in PCR, defined as the slope of the regression line derived from 10-fold dilutions of calibration standards for ephrin and GAPDH cDNA was 102 %-112 % (slope from −3.05 to −3.28, Supplement Table 2 ) which is generally regarded as acceptable (Nolan et al. 2006) . We chose GAPDH mRNA levels for normalization of expression of genes of interest in this study since it has been validated as a normalizer in studies of Alzheimer's and Parkinson's diseases (Coulson et al. 2008; Quinn et al. 2012) . Also, expression of several genes shown by microarray in deep white matter of the anterior frontal lobe in HIV-and HIV+ subjects from the same HIV Brain Bank was confirmed using RT-PCR with GAPDH as a normalizer (Borjabad et al. 2011) .
Examination of GAPDH expression showed no significant difference between HIV-and HIV+ samples in the caudate (p00.42) or anterior cingulate (p00.67). Also, there was no significant correlation of GAPDH mRNA levels either with age (r 2 00.05, p00.19) or PMI (r 2 00.08, p00.10).
Gene expression and cognitive impairment
We have measured expression of 13 genes in two postmortem brain regions in 24 HIV-positive and 15 HIV-negative subjects. Results of t-tests between HIVand HIV+ subjects of each gene in each region are shown in Table 2 with mean (±SEM) of level of mRNA of each gene. Table 3 shows the results of t-tests between cognitively impaired and non-impaired HIV+ individuals.
Down-regulation of mRNA levels of ephrin genes in HIV-infected subjects Levels of mRNA of the EPH A4 and EPH B2 ephrin receptors, and of the ephrin ligand EFNB2 in two brain regions of HIV-and HIV+ subjects are shown in Fig. 1 and Table 2 . There were significantly lower mRNA levels of EPH A4 (p<0.002) and EFNB2 (p<0.02) in the caudate, and of EPH B2 (p<0.05) in anterior cingulate in HIV+ subjects.
Up-regulation of mRNAs of proinflammatory genes in brain of HIV-infected subjects Activation of proinflammatory genes is a hallmark of HIV infection reported in many studies, and inflammatory response within the CNS is considered to be the main mediator of neuronal alterations in brain. To characterize microglial and macrophage cell activation in HIV-infected postmortem brains, we analyzed mRNA levels of the chemokine receptors CCR5 and CXCR4, the chemokine CCL2/MCP-1 and microglial/macrophage markers, CD68 and CD163, as well as the astroglial marker GFAP in two brain regions of HIV-and HIV+ subjects. T-tests showed that there were significantly higher mRNA levels of CCR5, CCL2, GFAP, CD68 and CD163 in HIV+ subjects (Table 2 ). In contrast, we did not observe alterations of the mRNA levels of the neuronal marker SNAP25 in either brain region in HIV+ subjects compared to HIV-subjects. Also, no difference was found in the levels of CXCR4 mRNA between HIV+ and control subjects in either brain region. Of note, in the caudate of control subjects, mRNA levels of CCR5 were more than four units (ln CCR5) lower than levels of CXCR4 (ln CXCR4) (Table 3) . A similar difference in expression of these receptors was found in the anterior cingulate. Taking into account the importance of these chemokine receptors in HIV infection in brain, these differences in their mRNA levels may reflect that CCR5 is expressed in a small subset of brain cells compared to the wider range of cell types expressing CXCR4.
Comparison of expression of ephrin genes with inflammatory genes
A three-way ANOVA, HIV Status X Gene Type X Brain Region, was conducted, including six inflammatory genes (CCR5, CXCR4, GFAP, CD68, CCL2, and CD163) and the four ephrin genes studied (EPHA4, EPHB2, EFNB1, EFNB2). There was a significant main effect of Gene Type, F(1,606)062.93, p<0.0001, a nonsignificant main effect of HIV status, F(1,606)03.27, p007, and no effect of brain region, F(1,606)<1.0. These results show that by far the strongest difference in expression level is that between ephrin and inflammatory genes. While the main effect of HIV status is modest, there was a strong interaction between HIV and Gene Type, F(1,606)07.94, p<0.01; that is, differences between ephrin and inflammatory genes depend upon HIV status. While inflammatory genes have been shown to be increased in HIV, what is new is that, as can be seen in Table 2 , three ephrin genes differed significantly by HIV status. Both EPHA4 and EFNB2 expression levels were lower in the caudate and EPHB2 expression was lower in the cingulate of brains from HIV+ subjects. Genes with significant expression differences between non-impaired and impaired HIV+ individuals are shown in bold NS no significant difference between non-impaired and impaired individuals Lee et al. 2004 ). Due to the known expression of chemokine receptors and ephrin genes in neuronal or glial/macrophage cells, we examined whether their mRNA levels are correlated with expression of the neuronal cell marker SNAP25, the astroglial marker GFAP, or microglial/macrophage markers, CD68 and CD163.
Significant correlation between mRNA levels of the pairs of genes studied is shown in Table 4 . We found strikingly coordinated expression of the genes in both brain regions of HIV+ subjects but not in HIVsubjects. In the caudate, there was significant positive correlation between CCR5 and glial/macrophage markers GFAP, CD68, and CD163. In the anterior cingulate, CXCR4 was significantly correlated with the neuronal marker SNAP25 in HIV+ subjects (r00.595, p<0.05), but not significantly in HIV-subjects (r00.580, p00.061). In the caudate of HIV+ subjects, ephrin receptor EPHA4 was positively correlated with SNAP25 (r00.443, p<0.05).
Relationship of expression of ephrin genes with cognitive and immunovirological status in HIV+ patients
Cognitively impaired (global T score <40) HIV+ subjects were compared to cognitively normal HIV+ subjects in expression of the level of ephrin transcripts in each brain region. Of the transcripts found to differ between HIV-and HIV+ individuals, only cingulate levels of EPHB2 mRNA levels were associated with cognitive impairment (Table 3) . Unexpectedly, cognitively impaired HIV+ individuals demonstrated higher mean values of EPHB2 (9.15±0.09) than cognitively intact (8.79±0.12) (p<0.05) (Fig. 2) . A series of correlations was then examined between domain T scores and cingulate EPHB2. Motor T and abstraction/executive functioning T scores were significantly correlated with EPHB2 expression, and again, the direction was such that higher levels of EPHB2 were associated with worse neuropsychological test performance (for motor T, r 2 0 0.301, p<0.05; for abstraction/executive function, r 2 00.303, p <0.05). Finally, the impact of immunovirologic status (CD4 count and viral load) was assessed; in contrast to cognitive effects, associations with ephrins were seen only in the caudate. In the caudate, decreased CD4 count was associated with decreased levels of ephrin ligand EFNB2 (r 2 00.196, p<0.05).
Discussion
Numerous studies suggest that HAND is primarily the result of neuronal loss/dysfunction from direct or indirect viral effects, inclusive of inflammation driven by chronic low-level infection, loss of trophic factors, and elaboration of excitotoxic molecules (e.g. Clifford 2008 ). Morphologically, HIVassociated cognitive impairment has been linked to alterations in the synaptodendritic network in HIV-infected brain (Masliah et al. 1997; Ellis et al. 2007 ). Among other neurotrophins, ephrin receptors and associated ligands are known to be tightly involved in synaptic function, neuroadaptation, formation and maintenance of excitatory synapses, and response to brain injury (Pasquale 2005; Murai and Pasquale 2011) . Several studies implicate EPHA4 and EPHB2 receptors in the regulation of neuronal morphology. EphA4 knockout mice show irregularities in spine shape and densities (Murai et al. 2003) . Animals lacking EphB2 display a 40 % reduction in synapse-associated NMDARs (Grunwald et al. 2004 ). The receptors EphA4 and EphB2 have a distinct distribution in dendrites versus axon terminals in the adult mouse hippocampus and frontal cortex. EphA4 has been detected in axon terminals, dendritic spines, astrocyte processes, and axon shafts while EphB2 has been detected mainly in dendritic shafts and dendritic spines but not in axon terminals (Bouvier et al. 2008) . Reduction in the EPHA4 and EPHB2 receptors, and the ligand EFNB2 in HIV-infected brain found in this study, are consistent with HIV-induced reduction of synaptic density, and dendritic morphology shown in previous studies (Masliah et al. 1997; Everall, et al. 1999; Murai et al. 2003) .
Results of our study are also consistent, in part, with a recent report on alterations in the genome-wide transcriptome using Affymetrix U133 Plus 2.0 microarray in deep white matter of the anterior frontal lobe in 15 HIV-infected patients compared to six HIV-negative subjects (Borjabad et al. 2011 ). Brain tissues in this study were also provided by MHBB, and 11 subjects (four HIV-negative and seven HIVpositive subjects) are included in the present study. This microarray study showed significant elevation of proinflammatory genes (e.g. CD68, CD163, CCL2, CXCR4), and down-regulation of ephrin receptors EPHA4 and EPHA7, as well as down-regulation of presynaptic and postsynaptic markers MAP2 and synaptophysin in HIV-positive subjects with HAND. With cART therapy, however, the widespread inflammatory response and down-regulation of ephrins was not seen. In another cART era gene expression study, downregulation of EPHA4, EPHA5, EFNA1 was seen in brains of cognitively impaired HIV+ individuals with florid inflammation due to HIV encephalitis, but not in those who were cognitively impaired without similar substantive inflammatory increases (S Morgello, personal communication; Gelman et al., manuscript in preparation). The correlations between increased expression of inflammatory transcripts and decreased ephrin expression in our study, together with the prior gene expression analyses, suggest that down-regulation of ephrins may be a consequence of chronic immune activation and 2 EPHB2 expression in the anterior cingulate and cognitive function in HIV-infected subjects. a EPHB2 expression (ln mRNA level/GAPDH mRNA) was significantly higher in cognitively impaired (Global T score <40) than in cognitively normal individuals. Motor T (b) and abstraction/executive (c) functioning T scores were significantly correlated with EPHB2, showing that higher levels of EPHB2 were associated with worse neuropsychological test performance damage to the synaptodendritic structure of the brain. However, this does not necessarily imply that these changes are the primary factor in clinically-relevant cognitive impairments. Indeed, in our study, when HIV patients were categorized by the presence or absence of impaired global T scores, an unexpected association of increased EPHB2 mRNA levels and impairment was seen in the anterior cingulate cortex. This was followed up with analysis of neuropsychological domains, and worse motor and abstraction/executive functioning showed significant correlations with greater EPHB2 expression. Thus, while neuroinflammation and HIV status were associated with cortical decreases in EPHB2, worsening cognitive status was paradoxically associated with increases.
Among the ephrin genes, EPHB2 is one of the best studied ephrin receptors. Recently, Cisse and colleagues provided evidence that AβPP-induced depletion of EphB2 and impairment in NMDA-dependent LTP can be reversed by an increase of EphB2 expression using a lentivirus in the dentate gyrus in the mouse model of Alzheimer's disease (Cissé et al. 2011) . The overexpression of EphB2 also reversed the AD-associated behavioral and cognitive deficits in this model. Another study showed that EphB2 in the amygdala regulates stress-induced plasticity and anxietylike behavior in mice (Attwood et al. 2011) . Restraint stress in mice activates the extracellular protease neuropsin which cleaves EphB2 in the amygdala, leading to disruption of EphB2-NMDA-receptor interaction resulting in increased expression of FKBP5, implicated in the development of anxiety, depression and post-traumatic stress disorder in humans (Binder 2009 ).
In the context of these experimental models, the increase of EPHB2 in the cognitively impaired phenotype of our patients is puzzling. The exact mechanism of the HIVassociated neurocognitive disorders is not known. In the absence of immunochemical and morphological evaluation of region-specific EPHB2 expression in brain of subjects used in this study, we can present only a hypothetical model (Fig. 3 ) based on our own and other studies of HIV-infected brains, and in other neurogenerative disorders. Our finding on the reduction of EPHB2 expression in the anterior cingulate in HIV-infected brain in subjects with HAND compared to control brain is consistent with morphological studies of brains of HIV positive subjects that showed dendritic simplification and reduction in synaptic density and neuronal markers as the pathological features most closely associated with the clinical signs of HAND (e.g. Masliah et al. 1997; Everall et al. 1999) . Although an exact mechanism of the HIV-induced reduction of dendritic branching and synaptic density in brain is not known, it is possible that HIV proteins (e.g. gp120, Tat) and cytokines and chemokines secreted by activated microglia and astrocytes in inflammation conditions lead to alterations in synapse and dendritic spine structure in HIV-infected subjects. Among many other proposed mechanisms of the HIV-induced neuroanatomical injury in brain, the glutamate neurotoxicity is now commonly accepted. Several studies demonstrated increased glutamate levels in CSF (Espey et al. 1999; Ferrarese et al. 2001) , and lower neuronal glutamate levels in parietal cortex and frontal lobe in patients with HIV dementia (Sailasuta et al. 2009; Ernst et al., 2010) . The latter was interpreted as inhibition of glutamate reuptake by astrocytes and of glutamine synthesis that leads to increased levels of extracellular glutamate. The elevated extracellular glutamate may lead to excessive activation of synaptic and extrasynaptic NMDA receptors, leading to deleterious glutamate and Ca++ overflow at synapses and extrasynaptic sites in neuronal spines and dendrites (Hardingham and Bading 2010; Sheffler-Collins and Dalva 2012) . Ephrin receptors have been shown to participate in trafficking and clustering of NMDA receptors at specific sites on the neuronal membrane (Calò et al. 2006) . A morphological study of ephrin A (including EPHA4) receptor and ligand expression in the temporal lobe of subjects with multiple sclerosis suggested that axonal ephrin/Eph expression was increased in samples immediately adjacent to active lesions compared with non-affected areas or adjacent to chronic lesions (Sobel 2005 ). We hypothesize that higher level of EPHB2 found in the anterior cingulate in HIVinfected subjects in our study may also be related to the sites of neuronal injuries (e.g. dendritic and spine loss). It is likely that the total decrease of the EPHB2 in HIVinfected subjects compared to controls is related to HIVmediated neuronal and dendritic loss regardless of the degree of neurocognitive deficit, but the degree of neurocognitive impairment depends on the level of synaptic or extrasynaptic EPHB2 expression in specific sites of brain lesions.
It is also possible that the increased level of transcript is a compensatory mechanism in individuals whose immunemediated cortical damage has reached a threshold for dysfunction -that is, with a burden of synaptodendritic abnormality large enough to manifest in behavioral change, there is a compensatory up-regulation to attempt repair. Another possibility is that elevation in EPHB2 is a marker of vulnerability to inflammation-induced excitotoxic damage, and that individuals with higher EPHB2 expression are more prone to clinically significant damage due to recruitment or maintenance of excitatory synapses. There is a rich literature implicating excitatory pathways in the generation of HAND; if increased ephrin transcript levels result in increased excitatory receptor expression, clustering or stabilization (some of their known functions), this may promote an impaired phenotype in the face of chronic immune stimulation. Finally, it is possible that the increased level of cingulate EPHB2 is a function of some masked co-morbidity associated with the impaired phenotype, but not necessarily a factor in the genesis of HAND.
In contrast to the paradoxical association of increased EPHB2 expression with decreased cognitive function, analysis of the changes with regard to immunovirologic status revealed an association of decreasing caudate EFNB2 with decreasing CD4 counts in HIV positive individuals. This finding would be consistent with what is known about advancing HIV and the progressive atrophy of subcortical structures. Decreased caudate volume is commonly seen in individuals with advanced HIV, and it is plausible to hypothesize that with this atrophy, a loss of synaptic structures, dendritic complexity, and decrease in ephrin ligands would occur. The finding of decreased EPHA4 and EFNB2 in all HIV subjects is also consistent with this process.
It is of interest that cognitive associations were with EPHB2 in the cortex, whereas immunologic associations (using CD4 count as proxy) were in the caudate. In the natural history of HIV disease, metabolic and structural changes in basal ganglia often precede cognitive change, as has been demonstrated by structural and functional neuroimaging. Recently, in a cART-era study of brain gene expression, it was demonstrated that in cognitively normal individuals dying with HIV, abnormal gene expression was essentially limited to the caudate, and was associated with abnormalities in immune function (Gelman et al. 2012) . One might hypothesize that our findings in the caudate reflect maladaptative changes to states of altered immunity in the context of HIV. In contrast, cortical changes might have more relevance to cognitive process, and hence show divergent patterns of association.
In summary, we found a decrease in EPHA4 and EFNB2 in the caudate and EPHB2 in the anterior cingulate in postmortem brain of HIV-infected subjects. Decreases in caudate EFNB2 were associated with worsening immune status, whereas increases in cingulate EPHB2 were associated with worse cognitive status.
The complex changes in ephrin gene expression are worthy of future investigation, and may represent a target for future adjunctive therapy in the treatment of HAND. Fig. 3 Hypothetical model of HIV-induced increased in EPHB2 and redistribution of a pool of NMDA receptors in neuronal spines related to neurocognitive impairment. a EPHB2 receptor regulates excitatory synapse development and function at mammalian synapses by controlling dendritic morphology, synapse formation and excitatory neurotransmitter receptor content. In neurons, EPHB2 receptors mediate excitatory synaptogenesis and coordinate synaptic function by controlling synaptic glutamate receptor localization and function (ShefflerCollins and Dalva 2012) . b High inflammatory response in HIVinfected brain in subjects with neurocognitive impairment causes an increase of EPHB2 receptor expression leading to alterations in balance of NMDA-R between synaptic and extrasynaptic areas in spines. In cultured neurons, the synaptic and extrasynaptic NMDA-R receptors have been shown to activate distinct transduction pathways and have different functions: synaptic NMDA-R provides normal fast excitatory neurotransmission and survival of neurons whereas an activation of the extrasynaptic NMDA-R induces expression of pro-apoptotic and cell death genes (Calò et al. 2006; Hardingham and Bading 2010) . Higher EPHB2 expression may lead to relatively higher extrasynaptic NMDA-R signaling and loss of synapses that contribute to the development of neurocognitive deficit in HIV seropositive subjects. c Relatively lower EPHB2 expression may be related to lower inflammatory response in HIV-infected subjects without neurocognitive impairment, and does not induce synaptic remodeling
